A central issue in developmental biology is how positional information encoded by the graded activity of a morphogen is interpreted to subdivide a uniform territory into distinct domains. In Drosophila, this process has been studied in some detail in the context of the early blastoderm and the developing leg and wing imaginal discs. A common mechanistic theme that has emerged from these studies is the central role that transcription factors play in establishing positional information and defining domains of cells with distinct developmental fates. This activity reflects the intrinsic ability of transcription factors to translate transient extrinsic signals into long-lived cellular responses in a concentration-dependent manner [1].
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In Drosophila, for example, Decapentaplegic (Dpp) -a member of the transforming growth factor β (TGF-β) family of secreted signalling molecules -patterns the developing wing disc in a concentration-dependent manner by directly activating expression of the transcription factors Spalt and Optomotor-blind (Omb) in a central domain of the wing. Omb is activated by low levels of Dpp, while Spalt is activated either at higher Dpp concentrations or with a time delay at lower levels [2] . Spalt patterns wing veins in the central wing domain by repressing the expression of two other transcription factors, the Zn-finger protein Knirps and the homeodomain protein Iroquois, the Drosophila homologue of the vertebrate Irx3 protein. The net effect of this repression by Spalt is restricted expression of Knirps in an anterior domain and Iroquois in a posterior domain, where they specify L2 (anterior) and L5 (posterior) wing vein identity, respectively [3] .
Much less is known about how secreted molecules such as Sonic hedgehog (Shh) and members of the TGF-β and Wnt families of proteins function as morphogens in vertebrates. It has long been thought that transcription factors function as downstream mediators of these morphogens. The first indication that transcription factors play a role in establishing distinct cell fates in response to a morphogen gradient came from work on the spinal cord, where neuronal cell types exhibit a simple dorsoventral organization that reflects the position of their progenitors in the neural tube ( Figure 1 ). These studies showed that the notochord and floor plate are the source of a signal that induces ventral cell types in a concentration-dependent manner [4] . Furthermore, this signal represses expression of dorsally restricted transcription factors, such as Pax3 and Pax6, and induces the expression of ventrally-restricted factors, such as Nkx2.2 and Isl1 [5] [6] [7] .
These findings led to the proposal that the combinatorial activity of transcription factors in dorsoventrally restricted populations of neural progenitors plays an instructive role in neuronal patterning, a hypothesis subsequently supported by loss-of-function mutations in the mouse [7] [8] [9] . It was later shown that the ventralizing signal is Shh, a vertebrate homologue of the Drosophila protein Hedgehog (Hh), which functions as a morphogen in the wing imaginal disc. Shh induces expression of different neuronal markers in a concentration-dependent manner; however, details of the mechanism by which varying concentrations of Shh generate progenitor populations with distinct fates remained unclear.
A recent study by Briscoe et al. [10] has now provided important insights into the mechanisms that subdivide the ventral neural tube into discrete domains with unique developmental fates. Firstly, the authors identified specific homeodomain transcription factors that are expressed in a combinatorial manner in the ventricular zone, which contains dividing multipotential progenitors. Secondly, they related the expression of these patterning factors to known cell fates, thus arguing that combinations of these transcription factors function as primary determinants of cell fate in the ventral spinal cord. And finally, they showed that these transcription factors can repress the expression of each other in specific combinations. For instance, Nkx2.2 and Pax6 repress each other and share a common boundary at early stages of neural tube development, although at later times, the ventral limit of Pax6 expression shifts dorsally [8] . Likewise, Dbx2 and Nkx6.1 repress each other and share a border distinct from that of Nkx2.2 and Pax6. Consistent with this, Dbx2 cannot repress Nkx2.2, nor can Pax6 repress Nkx6.1, thus allowing the expression domains of Nkx6.1 and Pax6 to overlap in the early neural tube.
The model of cross-repression proposed by Briscoe et al. [10] is particularly appealing, as it allows translation of a transient graded response to a morphogen into the establishment of a sharp boundary between two different cell states, thereby allowing progenitors to adopt different fates. In its simplest form, the model suggests that a boundary between two cell populations occurs and can be maintained if each population expresses a transcription factor that is differentially activated by a morphogen, in this case Shh, and if these factors then repress each other.
Briscoe et al. [10] subdivide the transcription factors expressed in the ventricular zone into two classes: class I proteins, which are generally repressed by Shh; and class II proteins, which are activated by Shh. Nkx2.2, Nkx2.9 and Nkx6.1 are all activated by Shh, whereas Pax7, Pax6, Dbx2 and Irx3 have been shown to be repressed by Shh. Interestingly, experiments involving ablation or implantation of the notochord indicate that, although high Shh levels inhibit Pax6 expression, low Shh levels may be required for maintenance of Pax6 expression [5] . Low levels of Shh are also able to induce Dbx2 in vitro [11] . The observation that Dbx2 expression is dependent on retinoid activity, a major source being the paraxial mesoderm, raises the interesting possibility that Shh may induce expression of some class I proteins via a relay mechanism, similar to what has been observed for Hh and Dpp in the Drosophila wing imaginal disc [2] .
An important feature of this combinatorial code is that transcription factors also function instructively to regulate cell fate, independently of their cross-regulatory effects. This is best demonstrated by the effects of Irx3 on the development of V2 interneurons, which arise as a cluster of cells just dorsal to motor neurons. V2 interneuron precursors express Irx3 in addition to Nkx6.1, whereas motor neuron precursors express only Nkx6.1. Interestingly, misexpression of Nkx6.1 in the neural plate/tube prior to Irx3 expression promotes motor neuron differentiation, while misexpression of Nkx6.1 at later stages when Irx3 is expressed generates extra V2 interneurons. This finding suggests that Nkx6.1 and Irx3 act combinatorially to specify V2 interneuron cell fate. The coupling of these two functional activities in transcription factors that specify neuronal cell fate provides a mechanism that ensures progenitor cells do not execute a differentiation program that is inappropriate for their dorsoventral position in the neuronal tube.
In order for Shh to properly pattern cells in the ventricular zone, cell movements within the ventricular zone need to be constrained, at least for as long as progenitor cells remain responsive to Shh. Studies by Leber and Sanes [12] have confirmed that the movement of progenitor cells within the ventricular zone is indeed highly restricted, and indicate that, once specified, neurons and glia migrate extensively in the mantle zone. Nevertheless, limited movements of progenitor cells in the ventricular zone, combined with transcriptional repression, could facilitate the sharpening of boundaries and sorting of cells into discrete populations (see Figure 2 ). Once these boundaries are established, progenitor cells, while free to move within a given domain of the ventricular zone, are unable to cross into an adjacent domain, thereby establishing lineagerestricted compartments in the ventral neural tube, similar to those proposed for hindbrain rhombomeres [13] .
Differential cell adhesion is likely to play a central role in regulating the movement of cells in the ventricular zone. However, only a few adhesion molecules have been identified that are expressed in a manner consistent with such a role. One of these, F-cadherin is expressed in a stripe of cells midway between the roof plate and floor plate, where it functions to restrict the movement of cells between the alar and basal plates [14] . An intriguing possibility is that the homeodomain transcription factors controlling cell identity also regulate the differential expression of cell adhesion molecules in subset of neural progenitors. Pax6, for example, is known to regulate the expression of R-cadherin and boundary formation in the developing forebrain [15] .
In Drosophila, Hh activity is mediated by the transcription factor Cubitus interruptus (Ci). In the absence of Hh signalling, Ci is proteolytically cleaved, converting it to a repressor protein and changing its cellular localization from cytoplasmic to nuclear [16] . Three vertebrate homologues of Ci -Gli1, Gli2 and Gli3 -are candidates for mediating the downstream activities of Shh and establishing the initial stripes of homeodomain transcription factor expression in the ventral neural tube. The role of Gli proteins in mediating Shh signals is likely to be more complex than that of Drosophila Ci, given that multiple Glis are expressed in partially overlapping patterns in the spinal cord, and some Glis, such as Gli3, appear to be more susceptible to cleavage and resulting repressor activity than others [17] .
The evaluation of phenotypes associated with human and mouse mutations in Gli genes [18, 19] has suggested that Gli proteins either mimic or mediate Shh signalling. Inactivation of Gli2 results in loss of the floor plate and a decrease in the number of ventral hindbrain serotonergic neurons, consistent with a role in Shh signaling [20, 21] . Furthermore, direct evidence for Gli protein mediation of Shh signalling in the spinal cord has come from the identification of a Shh-responsive element containing Gli binding sites in the enhancer controlling expression of the gene for the transcription factor HNF3β, which regulates floor plate identity [22] . Whether the Gli proteins function as a direct link between graded Shh signalling and activation and/or repression of genes encoding class I and class II homeodomain proteins remains to be determined. 
